The increase in carbon emissions is considered one of the major causes of global warming and climate change. To reduce the potential environmental and economic threat from such greenhouse gas emissions, governments must formulate policies related to carbon emissions. Most economists favor the carbon tax as an approach to reduce greenhouse gas emissions. This market-based approach is expected to inevitably affect enterprises' operating activities such as production, inventory, and equipment investment. Therefore, in this study, we investigate a production inventory model for deteriorating items under a carbon tax policy and collaborative preservation technology investment from the perspective of supply chain integration. Our main purpose is to determine the optimal production, delivery, ordering, and investment policies for the buyer and vendor that maximize the joint total profit per unit time in consideration of the carbon tax policy. We present several numerical examples to demonstrate the solution procedures, and we conduct sensitivity analyses of the optimal solutions with respect to major parameters for identifying several managerial implications that provide a useful decision tool for the relevant managers. We hope that the study results assist government organizations in selecting a more appropriate carbon emissions policy for the carbon reduction trend.
Introduction
The rapid development of global industrialization has negatively affected the environment and ecology because most companies are concerned only about economic growth, thereby exposing humans and animals to various threats such as global warming, toxic environments, ozone destruction, and depletion of natural resources. Therefore, sustainable development has become a major concern for companies worldwide, and firms are undertaking initiatives to reduce their environmental and social impacts while continuing to be profitable in response to pressures from governments, customers, and other stakeholders [1] . The Kyoto Protocol initiative, signed in 1997 following the United Nations Framework Convention on Climate Change (UNFCCC), aims to reduce greenhouse gas emissions from industrial countries. Based on the Kyoto Protocol, many countries or regions have made either voluntary or regulatory efforts to reduce their carbon emissions, for example, the World Bank's BioCarbon Fund, the EU Emissions Trading System, the US Chicago Climate Exchange, and the Midwestern Regional Greenhouse Gas Reduction Accord. Thus, the regulation of greenhouse gas emissions is a future trend that will certainly affect enterprises' business strategies. An approach that contributes to carbon emission reduction is the levying of carbon tax that pays a lower social cost for achieving the goal of carbon emissions. Determining how to maintain the original business model and competitive advantage under the carbon tax policy is important. Moreover, these are important issues for enterprises and even the supply chain.
When sustainability has been taken seriously, most firms have focused on reducing emissions from physical processes, for example, replacing energy inefficient equipment and facilities, redesigning products and packaging, and deploying and using less polluting sources of energy [2] . However, several studies have revealed that corporations can reduce carbon emissions without increasing cost by adjusting operative activities such as inventory management [3] . Recently, the impact of carbon emissions on operations management has drawn more academic attention. Turkay [4] revised the traditional economic order quantity (EOQ) model to incorporate sustainability considerations that include environmental criteria such as direct accounting, carbon tax, direct cap, cap-and-trade, and carbon offsets. Furthermore, Arslan and Turkay [5] modified the EOQ model to incorporate sustainability considerations that include environmental and social criteria in addition to the conventional economic considerations. Hua et al. [6, 7] studied this problem under the cap-and-trade mechanism, comparing the classical EOQ model with a newly developed model. They examined the impact on order size of the carbon cap and carbon price as a means of motivating the retailer to reduce carbon emissions that will result in the increase of total costs, omitting any consideration of transportation mode decisions. Benjaafar et al. [3] incorporated carbon emission constraints on single and multistage lot-sizing models with a cost minimization objective. Four regulatory policy settings were considered based on a strict carbon cap, a tax on the amount of emissions, the cap-and-trade system, and the possibility to invest in carbon offsets to mitigate carbon caps. Chen et al. [2] provided conditions that enable emission reductions by modifying order quantities. They also provided conditions wherein the relative reduction in emissions is greater than the relative increase in cost, and they discussed factors that affect the difference in the magnitude of emission reduction and cost increase. We discuss the applicability of the results to systems under various environmental regulations, including strict carbon caps, carbon tax, cap-and-offset, and cap-and-price systems. Battini et al. [8] explored the economic lot-sizing problem in purchasing materials when environmental concerns are considered, proposed an easy-to-use theoretical model for calculating a sustainable economic order quantity (S-EOQ), studied how the S-EOQ compares with the traditional approach (simply called EOQ), and discussed results and cost factors particularly focused on the transportation mode selection. Other relevant studies include He et al. [9] , Song and Leng [10] , Zhang and Xu [11] , Haddadsisakht and Ryan [12] , Alizadeh et al. [13] , and their referenced studies.
Most traditional EOQ or economical production quantity models are developed from the perspective of a single buyer or vendor. However, commercial development in recent years elucidates that effective integration among enterprises is imperative to surviving in a highly competitive business. Similarly, when exploring the issue of inventory management, all supply chain members must be considered to establish the integration inventory model, rather than considering only the perspective of the buyer or the vendor. Various studies have been proposed using the concept of the supply chain to discuss the vendor and buyer of the production inventory model. Goyal [14] first developed an integrated inventory model based on the traditional EOQ model to determine the optimal joint inventory policy for a single vendor and buyer. Banerjee [15] developed a joint economic lot size model where a vendor produces to order for a buyer on a lot-for-lot basis. Goyal [16] generalized Banerjee's [15] model by relaxing the assumption of the lot-for-lot policy and revealed that this model provides a lower or equal joint total relevant cost compared with that of Banerjee. Subsequently, Lu [17] extended Goyal's [16] model to a single vendor and multiple buyer integrated inventory model, and they relaxed the assumption that shipments cannot be triggered before the entire production batch is completed. Goyal [18] modified the assumption that the items are sent to the buyer in equally sized shipments and suggested that the size of a shipment to the buyer within a production batch should be increased by a fixed factor. Hill [19] further generalized the model of Goyal [18] by employing the geometric growth factor as a decision variable and provided numerical evidence that this policy outperforms both the equal shipment size policy and the policy adopted by Goyal [18] . Goyal and Nebebe [20] exploited the benefits of both the equal size and the geometric policies and suggested a simple geometric-then-equal policy that produces adequate results. Kelle et al. [21] proposed a production and shipping policy in which the buyer's order is delivered in n shipments of equal size, and the vendor's production lot size can be an integer, m, that is a multiple of the shipment size and can be different from n. Giri and Roy [22] considered an integrated production inventory model wherein the vendor offers a quantity discount to motivate the buyer to purchase greater quantity and delivers an unequal size per shipment. Subsequently, many studies ( [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] ) proposed more batching and shipping policies for integrated inventory models. However, the preceding studies on integrated production inventory models have explored only the production, transport, and ordering strategies; none considered the impact of either carbon emissions or preservation technology for deteriorating items. In particular, for items with a high deterioration rate, investing in preservation technology is a critical and relevant concern for inventory management.
Most of the traditional inventory models assume that goods can be stored indefinitely, implying that damage, volatile degradation, or deterioration may not occur with the passage of time or from the impact of the external environment. However, the phenomenon of deterioration is very common in practice for products such as vegetables, fruits, medicine, and gasoline. Ferguson et al. [36] reported that in the US grocery industry, approximately 15% of goods are discarded before selling because of spoilage. Thus, evidence suggests that the management of deteriorating goods is increasingly critical, particularly in the retail grocery industry [37] . An empirical study by The Profit Experts [37] revealed that a 20% reduction of waste due to deterioration can increase gross profit by 33%. Therefore, companies must establish a more robust inventory management system to reduce losses due to deterioration. Although deterioration is an unavoidable natural process, it can be slowed by investing in special storage equipment and procedures. For example, when food is stored and packaged, although it is impossible to maintain the quality permanently, its shelf life can be extended. Cold storage or freezing also helps to prevent microbial and chemical corruptions. Freezing and vacuum technology can remove the moisture from food, and pharmaceutical and agricultural products reduce humidity, enabling food to be stored for long periods at room temperature. Thus, the degree of the deterioration can be affected by preservation technology facilities and environmental conditions. However, most inventory models for deteriorating items have ignored the relationship between investment in equipment and deterioration of goods and assumed the deterioration rate to be an exogenous variable, which is contradictory to the actual situation. Accordingly, Hsu et al. [38] proposed a deteriorating inventory model with a constant demand rate and exponential decay wherein the retailer is allowed to invest in preservation technology to reduce the deterioration rate. Their study obtained a valuable conclusion: the higher the deterioration rate is, the greater the investment required to improve preservation technology. However, the preservation technology cost is unrealistically assumed to be a fixed cost per inventory cycle. Dye and Hsieh [39] presented an extended model of Hsu et al. [38] , assuming that the preservation technology cost is a function of the length of the replenishment cycle. They further extended the model of Hsu et al. [38] by incorporating time-varying deterioration and reciprocal time-dependent partial backlogging rates. Dye [40] employed the model of Hsu et al. [38] and studied the preservation technology investment and inventory decisions for a retailer's noninstantaneous deteriorating items and performed a sensitivity analysis to understand their dependence on cost parameters. In particular, the generalized productivity of invested capital, deterioration, and time-dependent partial backlogging rates were used to obtain robust and general results on inventory management. Dye and Hsieh [41] considered the effect of preservation technology cost investment on preservation equipment for reducing the deterioration rate under two-level trade credit. He and Huang [42] first studied both preservation technology investment and pricing strategies and developed an inventory model for deteriorating seasonal products. Related studies include Singh and Sharm [43] , Shah et al. [44] , and Tsao [45] . The aforementioned studies on preservation techniques have adopted the perspective of the retailer, but they did not consider the supply chain integration perspective. In general, the preservation technology for reducing the deterioration rate of items often requires substantial funds that a single enterprise cannot afford. In a supply chain integrated system, to accomplish global optimization, the vendor and buyer can agree to jointly invest capital for lowering the deterioration rates of items. Consequently, the optimal investment strategy, determined by trading off the deterioration cost against the investment cost, is an import concern and must be incorporated in the field of integrated production and inventory problems. In conclusion, to contribute to the sustainable development of the supply chain, this study examines the optimal production, order, and preservation technology investment policies for an integrated supply chain system that includes (1) deteriorating items with a controllable deterioration rate, (2) collaborative preservation technology investment, and (3) regulation through a carbon tax. First, we establish the total profits and amounts of carbon emissions of the buyer and vendor and then develop the appropriate integration to obtain the joint total profit per unit time under the regulation of the carbon tax. Our main purpose is to determine the optimal production, delivering, ordering, and investing policies for the buyer and vendor that maximize the joint total profit per unit time in consideration of the carbon tax policy. Because of the complexity of the model, identifying the close form of optimal solutions and verifying the concavity of the profit function directly are difficult. Alternatively, we verify the concavity through numerical analysis and then develop an algorithm to obtain the optimal solutions for the supply chain system. Furthermore, we present several numerical examples to demonstrate the solution procedures and conduct sensitivity analyses of the optimal solutions with respect to major parameters to identify several managerial implications that provide a useful decision tool for the relevant managers.
Notation and Assumptions
To develop the production inventory model, the following notation is used throughout this paper:
D
The buyer's demand rate. P
The vendor's production rate. A
The buyer's ordering cost per replenishment cycle. A
The amount of fixed carbon emissions per order for the buyer.
S
The vendor's setup cost per production cycle.
The amount of fixed carbon emissions per setup for the vendor. c
The vendor's product cost per unit. c
The amount of carbon emissions associated per unit produced for the vendor. v
The vendor's supply price per unit. v
The amount of carbon emissions associated per unit purchased for the buyer. p
The buyer's selling price per unit.
The buyer's holding cost per unit per unit time.
The amount of carbon emissions per unit of inventory held per unit time for the buyer.
The vendor's holding cost per unit per unit time.
The amount of carbon emissions per unit of inventory held per unit time for the vendor. θ
The deteriorating rate of the item.
ξ
The preservation technology investment for reducing the deterioration rate to preserve the products, a decision variable. m(ξ)
The proportion of reduced deterioration rate which is a function of ξ.
C T
The buyer's fixed shipping cost per shipment.
C t
The buyer's variable shipping cost per unit.
C T
The amount of fixed carbon emissions per shipment for the buyer.
C t
The amount of carbon emissions associated per unit shipped for the buyer. C
The tax rate per unit of carbon emission. Q
The buyer's order quantity, a decision variable. n Number of shipments from the vendor to the buyer per production cycle, a decision variable. q
The shipping quantity from the vendor to the buyer per shipment.
T b
Length of the buyer's replenishment cycle, a decision variable.
T v
Length of the vendor's production cycle, a decision variable.
T s
Length of the vendor's period of production per production cycle.
T p
Length of the vendor's cycle time required to produce q units. JTP Joint total profit per unit time. *
The superscript represents optimal value.
In addition, the following assumptions are used throughout this paper:
(1) The production inventory system considers a single vendor, a single buyer, and single commodity.
(2) The vendor's production rate is finite and greater than the demand rate (i.e., P > D). Otherwise, there will be no inventory problems. (3) The buyer orders a lot of size of Q units and requires the vendor to divide n consignments and to deliver q units in each shipment. All shipping costs are borne by the buyer. (4) The amount of carbon emissions from operational activities, such as transport of vehicles, machinery, and equipment, and workers can be measured. (5) Consider that the carbon tax is levied on the manner by which carbon is emitted, that is, the carbon tax is in the form of unit tax. (6) The deterioration of items can be improved by preservation technology investment, and the reduced deterioration rate is m(ξ), where 0 < m(ξ) < 1 and is an increasing function of the preservation technology investment ξ. Further, there is no repair or replacement of deteriorated units, and the items will be withdrawn immediately as they deteriorate. (7) The buyer and vendor benefit when the deterioration rate of an item is decreased by the preservation technology investment. The amount of investment is shared between the vendor and buyer in an integrated supply chain inventory system. That is, the proportion of capital investments that the buyer and vendor should share in machinery equipment are α and 1 − α, respectively, where 0 ≤ α ≤ 1. (8) Shortages are not allowed for the vendor and the buyer.
Model Formulation
In this paper, we investigate an integrated production inventory model for deteriorating items under carbon tax policy and collaborative preservation technology investment. Firstly, we make a simple description about the production inventory system as follows: During a whole production cycle (the length of the period is T v ) in the supply chain, the buyer orders Q units and requires the vendor to divide n consignments. The number of deliveries is equally q units each shipment. The vendor begins shipping during the production period and ships to the buyer when the production quantity reaches q units in the first time period (the length of period is T p ). After that, the vendor ships q units at regular time intervals (the length of period is T b ). Because the vendor's production rate is greater than the demand rate, it will stop producing and continue to ship regularly until all quantity is shipped when the production quantity reaches I max (the length of period is T s ). The vendor and buyer's inventory systems in a whole production cycle are shown as in Figure 1 . Based on notation and assumptions mentioned above, we first established the total profits and amounts of carbon emissions per unit time for the buyer and vendor as follows. T v Figure 1 . The vendor's and buyer's inventory systems in an entire production cycle.
Buyer's Total Profit and Amount of Carbon Emissions
The buyer's inventory level at time t during the replenishment cycle changes due to the market demand and the deterioration of the item (Figure 1 ) and is governed by the following differential equation:
By solving the differential equation in (1) with the boundary condition
From (2), the buyer's order quantity per replenishment cycle
The buyer's total profit per replenishment cycle includes sale revenue, ordering cost, transportation cost, purchase cost, holding cost, and preservation technology investment. These components are evaluated as follows:
(a) The buyer's sale revenue per replenishment cycle is 
By solving the differential equation in (1) with the boundary condition I(T b ) = 0, the buyer's inventory level is
From (2), the buyer's order quantity per replenishment cycle q = I(0) can be obtained, which implies
(f) There is an investment in preservation technology for reducing the deterioration rate in order to preserve the products, which is ξ. Because the preservation technology investment is shared between the buyer and vendor, where the proportion of the buyer's investment is a α (0 ≤ α < 1), the preservation technology investment in reducing the deterioration rate per replenishment cycle for the buyer is αξ/n.
Because a production cycle consists of n replenishment cycles, the buyer's total profit per production cycle (denoted by TP b (q, ξ)) is
Then, the amount of carbon emissions per production cycle for the buyer (denoted by E b (q, ξ)) can be, respectively, calculated as follows:
Vendor's Total Profit and Amount of Carbon Emissions
The vendor and buyer's cumulative inventory can be shown as in Figure 2 . During the time interval [0, T s ], the vendor's inventory level changes, which results from production and the deterioration of the item. Hence, the vendor's inventory level at time t during the time interval [0, T s ] is governed by the following differential equation:
with boundary condition I p (0) = 0, and the solution of (8) is
From Figure 2 , it has I p (T p ) = q, which implies
During the time interval [T s ,T v ], the vendor's inventory level just decreases because of the deterioration of the item, and its inventory level at time t during the time interval [T s ,T v ] is governed by the following differential equation:
Similarly, the vendor's inventory level during the time interval [T s ,T v ] can be obtained with boundary condition I d (T v ) = nq by solving (11) , which is given by
From (9) and (12), it is established that I p (T s ) = I d (T s ), and it can be found that
Similarly, the supplier's total profit per production cycle includes sale revenue, setup cost, production cost, holding cost, and preservation technology investment. These components are evaluated as follows: 
(d) Holding cost: From Figure 3 , the vendor's total inventory per production cycle is equal to the vendor's cumulative inventory minus the buyer's cumulative inventory and is given by
Hence the vendor's total holding cost per production cycle is
(e) Similarly, the preservation technology investment is shared between the buyer and vendor, where the proportion of the vendor's investment is a 1 − α (0 ≤ α ≤ 1), and the preservation technology investment in reducing the deterioration rate per production cycle for the vendor is Consequently, the vendor's total profit per production cycle (denoted by
Then, the amount of carbon emissions per unit time for the vendor (denoted by
can be, respectively, calculated as follows:
When the vendor and buyer have decided to share resources to undertake mutually beneficial cooperation, the joint total profit per unit time, which is a function of v T , q , n , and  (denoted by Once the optimal solution ) , , ( * * * n q  is obtained, we can determine the buyer's optimal order quantity * * * q n Q  and the optimal joint total profit ) , , ( * * * n q   .
Numerical Analysis
In this section, we provide several numerical examples by referring to previous literature and use reasonable data to demonstrate the solution procedures. Further, we verify the concavity of the joint total profit function and conduct sensitivity analyses of the optimal solutions with respect to major parameters. 
kg/unit, and 0.5  
. Moreover, we set the reduced deterioration rate function as
. By applying the aforementioned algorithm, the vendor's optimal number of shipments and shipping quantity were calculated as 7 and 345.999 units, respectively. The optimal order quantity of the buyer was 2421.993 units. The preservation technology investment was 748.726. The optimal joint total profit is as follows: Figure 3 displays the graphical illustration of the joint total profit function ) , , ( n q   with respect to q and  for 7  n , and Figure 4 illustrates the graphical illustration of the joint total profit function ) , ,
. That is, the concavity of the joint total profit function can be verified, and the obtained solutions are optimal for maximizing the joint total profit function. Consequently, the vendor's total profit per production cycle (denoted by TP v (T v , q, n, ξ)) is
Then, the amount of carbon emissions per unit time for the vendor (denoted by E v (T v , q, n, ξ)) can be, respectively, calculated as follows:
When the vendor and buyer have decided to share resources to undertake mutually beneficial cooperation, the joint total profit per unit time, which is a function of T v , q, n, and ξ (denoted by JTP(T v , q, n, ξ)), can be obtained as the sum of the vendor's and the buyer's total profit per unit time divided by the length of cycle time (T b + T v ) and is given by
. When taking carbon tax into account, companies may be given incentives to account for the environmental costs through an externally applied carbon tax by the regulatory agencies. A simple tax schedule is a linear one; that is, companies pay an amount of C money units for each unit of carbon emitted (Arslan and Turkay [5] ). Hence, the refined model with carbon tax (denoted by (T v , q, n, ξ)) is as follows.
By using the fact that T v = T p + (n − 1)T b from Figure 2 , the joint total profit per unit time can be reduced as (q, n, ξ). The purpose of this paper is to determine the optimal order quantity, the numbers of shipments, and preservation technology investment under the carbon tax regulation such that the joint profit function (q, n, ξ) has a maximum value. Because of the complexity of the model, and that n is a integer, it is difficult to find the close forms of q, n, and ξ and check the concavity of profit function directly. Alternatively, we verified the concavity by numerical analyses in the next section and develop a simple algorithm (Algorithm 1) to obtain solutions for buyers and vendors under the carbon tax regulation.
Algorithm 1 Procedure of finding the optimal solution
Step 1. Set n = 1.
Step 2. Find the values of q (n) and ξ (n) by setting ∂ (q, n, ξ)/∂q = 0 and ∂ (q, n, ξ)/∂ξ = 0.
Step 3. Substitute q (n) and ξ (n) into (18) to get (q (n) , ξ (n) , n)
Step 4. Set n = n + 1, and repeat Step 2 to get (q (n+1) , ξ (n+1) , n + 1).
Step 5. If (q (n+1) , ξ (n+1) , n) < (q (n) , ξ (n) , n), then (q * , ξ * , n * ) = (q (n) , ξ (n) , n). Hence, if (q * , ξ * , n * ) = (q (n) , ξ (n) , n) is the optimal solution, then stop. Otherwise, return to Step 4. Once the optimal solution (q * , ξ * , n * ) is obtained, we can determine the buyer's optimal order quantity Q * = n * q * and the optimal joint total profit (q * , ξ * , n * ).
Numerical Analysis
In this section, we provide several numerical examples by referring to previous literature and use reasonable data to demonstrate the solution procedures. Further, we verify the concavity of the joint total profit function and conduct sensitivity analyses of the optimal solutions with respect to major parameters. = 0.05, C T = $50/ship,Ĉ T = 3 kg/ship, C t = $3/unit, C = $1/unit,Ĉ t = 1 kg/unit, and α = 0.5. Moreover, we set the reduced deterioration rate function as m(ξ) = 1 − e −0.001ξ . By applying the aforementioned algorithm, the vendor's optimal number of shipments and shipping quantity were calculated as 7 and 345.999 units, respectively. The optimal order quantity of the buyer was 2421.993 units. The preservation technology investment was 748.726. The optimal joint total profit is as follows: (q * , ξ * , n * ) = 23,409.4. Figure 3 displays the graphical illustration of the joint total profit function (q, ξ, n) with respect to q and ξ for n = 7, and Figure 4 illustrates the graphical illustration of the joint total profit function (q, ξ, n) versus n for (q, ξ) = (345.999, 748.726). That is, the concavity of the joint total profit function can be verified, and the obtained solutions are optimal for maximizing the joint total profit function.  Figure 4 . Graphical illustration of (q, ξ, n) versus n for (q, ξ) = (381.782, 748.728).
Example 2:
This example employs the same numerical analysis used in Example 1 and presents an analysis of different buyer and vendor investment-sharing ratios α ∈ {0, 0.1, 0.2, 0.3, . . . , 1} for investment in technology for reducing the deterioration rate. We then obtained the optimal values for the vendor's shipping quantity, investment in technology to reduce the deterioration rate, total profits of the buyer and vendor (respectively denoted by b * and v * ), and joint total profit per unit time (denoted by * ).
Moreover, we compared this case with the case without investment. The numerical analysis results are listed in Table 1 . The results revealed that a change in α does not affect the decisions and the joint total profit of the integrated supply chain system. However, the larger the value of α, the more unfavorable the buyer's profit, and the more favorable the seller's profit. Moreover, compared with the case without investment, investing to reduce the deterioration rate is relatively beneficial in this with investment.
From an individual viewpoint, if the buyer and vendor can jointly agree on the investment and decide the appropriate ratio (for example, α = 0.8 as in Table 1 ), the joint total profit of the supply chain system and the individual profit of each party increase. This result helps the supply chain members to develop a win-win strategy such that an integration of the sustainable supply chain system is achieved. Example 3: In this example, sensitivity analysis demonstrates the effects of changes in the system parameters, such as on the optimal solution. The data used are the same as in Example 1, and the computational results are shown in Table 2 . From the results shown in Table 2 , the following observations can be made:
(1) When the market demand is low (for example D = 900) or the production rate is high (for example P = 6000), the optimal preservation technology investment ξ * = 0, which implies that it is beneficial for the supply chain without preservation of technology investment. Further, as the market demand increases or the production rate decreases, the optimal vendor's shipping quantity q * , the buyer's optimal order quantity Q * = n * q * , and the optimal preservation technology investment ξ * increase. Finally, both demand and production rates have positive impacts on the joint total profit. (2) As the buyer's ordering cost/the amount of carbon emissions per order, fixed shipping cost/the amount of fixed carbon emissions per shipment, variable shipping cost/the amount of carbon emissions per unit, the amount of carbon emissions associated per unit purchased, the vendor's setup cost/the amount of carbon emissions per setup, or production cost/the amount of carbon emissions per unit produced increases, the optimal preservation technology investment ξ * , the optimal vendor's shipping quantity q * , and the buyer's optimal order quantity Q * = n * q * increase, but the optimal joint total profit decreases. (3) The buyer's holding cost, vendor's holding cost, amount of carbon emissions per unit of the inventory held for the buyer and the vendor, and the tax rate per unit of carbon emission have negative impacts on all the optimal preservation technology investment ξ * , the optimal vendor's shipping quantity q * , the buyer's optimal order quantity Q * = n * q * , and the optimal joint total all profit.
(4) When the buyer's unit selling price increases, the optimal vendor's shipping quantity q * increases first and then decreases. Further, all optimal preservation technology investment ξ * , the buyer's optimal order quantity Q * = n * q * , and the optimal joint total profit increase with an increase in the buyer's unit selling price. (5) The vendor's supply price has no impact on the optimal solutions. Table 2 . Sensitivity analyses with respect to major parameters.
Parameters
ξ * q * n * Q * JTP * The aforementioned results can provide guidance on how to adjust the optimal shipping, ordering, and investing strategies for the entire supply chain system when different parameters change.
Conclusions
This study investigates a production inventory model for deteriorating items under a carbon tax policy and collaborative preservation technology investment from the perspective of supply chain integration. Our main purpose is to determine the optimal production, delivery, ordering, and investment policies for the buyer and vendor that maximize the joint total profit per unit time in consideration of the carbon tax policy. Because of the complexity of the model, we verify the concavity through numerical analysis and then develop an algorithm to obtain the solutions for the buyer and the vendor under the carbon tax regulation. Furthermore, we present several numerical examples
